Effect of Strontium doping on the Oxygen Diffusion in La
Introduction
The understanding of oxygen ion conduction in solids at moderate temperatures is a key issue for the development of oxygen membranes in solid oxide fuel cells (SOFCs) [1] . Classically, oxygen ion conduction in solids is described in terms of a thermally activated hopping process with ions hopping from occupied to vacant lattice sites. As oxygen ions are doubly charged and have a large Van der Waals radius of about 1.52 Å, the energy barrier for the diffusion process is high, and normally requires fairly elevated temperatures (>1300K). As high temperature result in serious problems concerning thermal stability of the electrodes, suitable materials with operating at intermediate temperatures are searched by industry. On contrary two structure types are known showing oxygen bulk diffusion already at ambient temperature: Brownmillerites, e.g. SrMO 2.5 (M = Fe, Co) and Ruddlesden popper phases such as La 2 MO 4+δ (M = Co, Ni, Cu).
A different view of the oxygen diffusion mechanism is necessary as the classical model fails in the explanation of the oxygen ion diffusion at ambient temperature. In the case of SrFeO 2.5 Brownmilleritetype structure [2] and La 2 CuO 4+δ [3] oxygen mobility relies on the existence of specific, low energy lattice modes (phonons). These modes trigger and amplify oxygen mobility in solids. [2, 3] The correlation between structure and diffusion has been demonstrated on La 2 CoO 4.14 by the thesis work of Loïc Le Dréau [4] , where oxygen diffusion sets in at 425 K and has been modelled by Density Functional Theory [5] . [7] correlate. For this examining high quality single crystals are needed to avoid porosity and grain boundaries present in polycrystalline samples which can influence the equilibrium rate. Single crystals tested already on ORION@SINQ [8] are used to collect full data sets by using TriCS@SINQ [8] (x =0.15).
Experimental details

sample preparation
Polycrystalline La 2-x Sr x CuO 4±δ (x = 0, 0.05, 0.10, 0.15) samples were prepared from pre annealed high purity (≥ 99.99%) La 2 O 3 , SrCO 3 and CuO powders by standard powder ceramic techniques. Samples were checked with powder X-ray diffraction for phase purity. These high quality polycrystalline samples were used to grow single crystals by traveling solvent floating zone technique at the Laboratory Development Methods at PSI. Typically, rods of about 6 mm diameter and several centimeters long were obtained. La 2-x Sr x CuO 4-δ single grain crystals were grown by using a mirror furnace and tested them with X-ray Laue ( Fig. 1 ) and neutron diffraction (Fig. 2 ).
Sample characterization with X-rays and Neutrons
The four as grown single crystals were annealed in order remove internal stress formed in the process of crystal growth. For phase purity X-ray powder diffraction on crushed powder from the single crystals were checked and showed pure tetragonal (x=0.15) and orthorhombic phases (x = 0, 0.05, 0.10) at room temperature. Additionally, the quality and growth axis of the all single crystals were checked with X-ray Laue back scattering technique (Fig. 1) . Neutron measurements on ORION@SINQ, PSI showed that for x = 0.05 and 0.15 single grain crystals with mosaicity less than 0.5 0 were obtained, whereas x = 0, x = 0.10 were multiple sub-grain single crystals, not suitable for our diffusion investigations. 
Thermogravimetric Analysis (TGA)
The oxygen content in as grown La 2-x Sr x CuO 4±δ (x = 0, 0.05, 0.10, 0.15) has been determined with TGA [9] hydrogen reduction (Fig. 3) . The temperature was increased from 40 °C to 900 °C with a heating rate of 3°C/min. The gas flow was a mixture of helium (protective gas) with 5 volume % of hydrogen.
The total loss of the weight, attributed to the oxygen release, was measured for each crystal and is shown in Fig. 3 . The oxygen content 4±δ value is close to 4 in all the cases. The measured La 2-x Sr x CuO 4+δ (x/δ = 0/-0.004, 0.05/0.007, 0.1/-0.004 and 0.15/0.006) samples can be considered as oxygen stoichiometric.
Oxygen isotope exchange
Oxygen isotope exchange has been proceed on La 2-x Sr x CuO 4±δ (x = 0, 0.05, 0.10, 0.15) powders produced from crushed single crystals in order to study afterwards the oxygen self-diffusion.
The samples for the back exchange experiments were first enriched with 18 O in a closed quartz tube under controlled oxygen 18 O 2 pressure slightly above one bar at 650°C for 50 hours and cooled down with a rate of 200°C/h. The exchange apparatus (Fig. 4) was equipped with a mass spectrometer (BALZERS Prisma), which allows to determine the progress of the exchange by measuring the isotopic composition of the gas inside the tube. During the isotope exchange between the gas ( 18 O) and the solid phase (containing 16 O at the beginning), the gas phase will be enriched by 16 under the same experimental conditions. Fig. 5 shows the loss of the weight of the sample from 40°C to 1000°C with heating rate of 3°C/min. The TG curve shows plateau at temperature higher than 700°C for x=0, therefore, a total oxygen isotope back exchange could be assumed for x=0 whereas for x=0.05 most of the oxygen isotope was back exchanged. The weight loss corresponds in the case of x=0 and 0.05 to a total amount of 18 O in the virgin sample.
The results also show that the self diffusion starts at 450 0 C for x=0 and at 470 0 C for x=0.05, whereas the self diffusion of oxygen is not present in the case of x≥0.1.
Routbort et al. [10] measured 18 O tracer diffusivities by using SIMS analysis of gradients in polished and pre-annealed polycrystalline La 2-x Sr x CuO 4±δ samples of compositions with x=0.10, 0.15 and 0.20. They found that the diffusivities decreased markedly with increasing strontium content and that the activation energy for oxygen tracer diffusion was highest for the x = 0.20 composition. They suggested that the immobilization of oxygen vacancies by strontium as 2Sr La | -V o .. clusters [10] may be responsible for the decrease in the oxygen diffusivity with increasing strontium content.
The effect of strontium doping on oxygen diffusivity is explained in terms of defect chemical models by Opila et al. [6] . The decreasing oxygen diffusivity with increasing strontium was attributed to the ordering of oxygen vacancies at large defect concentrations. In order to correlate structure and oxygen diffusion as a function of temperature neutron measurements at TriCS@PSI on grain free 0.15 single crystal have been performed. Neutron diffraction data are in agreement with diffusion measurements achieved by oxygen back exchange. Around 650K the intensity of (-2 2 0) reflection was increased as shown in fig.6 . This is the same temperature where the Oxygen diffusion was set in. This is higher temperature compared to La 2 CoO 4.14 . Later this data will be combined with SIMS (yields the diffusion constant and anisotropy on a macroscopic scale by observing the 18 O diffusion on oriented single crystals) data.
Conclusions
Free oxygen mobility in La 2-x Sr x CuO 4+δ can be realized for x=0 and 0.05 already below 500 0 C, but is depressed for x =0.1 and 0.15. This gives evidence that the low temperature oxygen mobility relies on Sr doping.
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